Abstract. Livestock grazing is the principal land use in arid central Asia, and range degradation is considered a serious problem within much of the high-elevation region of western China termed the Qinghai-Tibetan Plateau (QTP). Rangeland degradation on the QTP is variously attributed to poor livestock management, historical-cultural factors, changing land tenure arrangements or socioeconomic systems, climate change, and damage from small mammals. Few studies have examined currently managed pastures using detailed data capable of isolating fine-scale livestock-vegetation interactions. The aim of the study was to understand how differences among livestock (primarily sheep) management strategies of pastoralists during winter affected subsequent rangeland condition and productivity. Plant species composition, annual herbage mass, and indicators of erosion were quantified during four summers (2009)(2010)(2011)(2012) on winter pastures managed by 11 different pastoralists on QTP steppe rangeland in Qinghai Province, China. Data came from repeated-measurements on 317 systematically located permanent plots, as well as pastoralist interviews and the use of GPS-equipped livestock. Relationships between annual weather variation and herbage mass were modelled using an independent set of vegetation measurements obtained from livestock exclosures. Account was taken of inherent site differences among pastures. Annual variation in herbage mass was found to be best fitted by a model containing a negative function of winter-season temperature and a positive function of spring-season temperature. Accounting for annual and site effects, significant differences among pastoralists were found for most response variables, suggesting that individual heterogeneity among management approaches had consequences, even among neighbouring pastoralists. Annual herbage mass of preferred plant species was positively associated, whereas that of unpreferred species was negatively associated, with mean sheep density and intensity of use. However, the proportion of bare soil, an index of erosion, and annual herbage mass of unpreferred forbs were found to have positive relationships with sheep grazing pressure during the preceding winter, whereas live vegetation cover and annual herbage mass of preferred grasses were negatively related. Thus, on a spatial scale, pastoralists responded adaptively to the cover of preferred plant species while not responding to total annual herbage mass. Pastoralists stocked pastures more heavily, and livestock used regions within pastures more intensively, where preferred species had a higher cover. However, where sheep grazing pressure was high, downward temporal trends in the herbage mass of preferred species were exacerbated. Pastures that were stocked at a lower density did not experience the negative trends seen in those with a higher density. (Xu et al. 2009; Immerzeel et al. 2010) .
Introduction
regardless of its precise definition, but this may have reflected the general Maoist conception of nature at the time (Shapiro 2001) ; scientific work on pikas began only in the 1980s. Research subsequently began taking a more nuanced view of interactions between pikas, livestock and vegetation, after it emerged not only that pikas were critical parts of the natural environment ('keystone species', Smith and Foggin 1999; Lai and Smith 2003; Wilson and Smith 2015) , but that high density of pikas likely resulted from, rather than caused, the rangeland conditions with which they were associated (Shi 1983; Bian et al. 1999; Wangdwei et al. 2013) . Regardless, programs of pika reduction continue to the present day (Smith et al. 2006; Delibes-Mateos et al. 2011; Wilson and Smith 2015) .
Privatisation of livestock and dissolution of the collective system occurred during the 1980s throughout the QTP, and in our study area in 1983. During the 1990s, following the success of quasi-privatisation policies in eastern China's agricultural sector, similar approaches, often referred to as the Household Responsibility System, were initiated in the pastoral sector (Yan et al. 2005) . Echoing widespread concerns about the 'tragedy of the commons' (Hardin 1968) , these programs aimed to encourage responsible husbandry by clarifying pasture-land tenure at the household level. The primary tenets of the government initiative involved increasing the duration of pasture-lease contracts from 20 to 50 years; subsidising construction of permanent winter homes, fences and livestock shelters; and providing plots for growing supplemental winter fodder (Richard et al. 2006; Wu et al. 2012) . Government outlays for programs related to the Household Responsibility System (often termed the 'set of four', or sipeitao in Chinese (Wu and Yan 2002) ) were substantial; during [2003] [2004] [2005] [2006] , the central government reported investing some ¥7.1 billion (~US$1 billion at the time) for fencing alone (SEPA 2007) . Whether this fundamental reform alleviated or exacerbated negative trends in rangeland condition remains contentious.
A newer set of initiatives began in the early 2000s that emphasised land protection rather than tenure and responsibility (Yeh 2009 ). Increased awareness of the consequences of upstream erosion following the devastating Yangtze River flood of 1998 led to government subsidies encouraging reforestation of cultivated lands that were unsuitable for agriculture (tuigeng huanlin, 'retire cultivation, restore forests'; Grant 2003; McBeath and McBeath 2010) . This approach was later expanded and adapted to encompass non-forested lands that had been inappropriately transformed from rangeland to agriculture (tuigeng huancao, 'retire cultivation, restore grasslands'), in which artificial seeding of forage plants took the role of the reforestation projects encouraged in more mesic climates (Shen et al. 2004) . A closely related program required a change of only one Chinese character to introduce a new approach that represented a substantial change in policy. This program (tuimu huancao, 'retire livestock, restore grasslands') was nominally intended to conserve rangeland resources and increase longterm livestock production (Yeh 2005; Foggin 2008 ). However, a central component of the 'retire livestock' programs was to eliminate grazing entirely for specified durations.
Thus, in contrast with programs that attempted to encourage responsible husbandry through a tighter linking of pastoralists with specific tracts of land, these new programs encouraged cessation of pastoralism. In some areas, particularly in the Sanjiangyuan area of Qinghai, this approach was coupled with, and often conflated with shengtai yimin, 'ecological migration' (Foggin 2008; Du 2012) , which encouraged pastoralists to sell their livestock and resettle entirely in government-constructed housing located in often-distant towns. This suggests a belief that physical relocation of pastoralists and reorientation of their means of livelihood were necessary components of ecological restoration.
There has been considerable variation as well as mutability in local implementation of central level policy. In many cases, township and village leaders have focussed more on the specific costs and benefits (e.g. fencing and subsidies) rather than the underlying ecological rationale (Bauer 2005; Bauer and Yonten Nyima 2010; Yonten Nyima and Yeh in press ). The 'retire livestock' program does not appear to have entirely supplanted the earlier responsibility-system-based programs in areas outside of the Sanjiangyuan; indeed in some places such as the Tibetan Autonomous Region, 'retire livestock' has been seen as a way to further implement the Household Responsibility System (Bauer and Yonten Nyima 2010) . In and around Sanjiangyuan, the two have co-existed, sometimes in close geographic proximity.
It is unlikely that pastoralism will completely disappear on the QTP; other forms of agricultural land use are incompatible with environmental conditions found at an elevation of 3000-5000 m. Thus, in this paper we focus on how individual pastoralists might encourage or discourage sustainability of their rangelands and herds via their own decisions, regardless of the overarching policy environment. We were motivated by observations made during earlier fieldwork related to wildlife research in the study area (Liu et al. 2007 (Liu et al. , 2010 Harris 2008 ) that rangeland conditions appeared to vary by pasture, even within a single village and even among those with superficially similar topographic attributes. We wondered if we could associate differences in approaches to livestock husbandry with this variation, and ultimately, if socioeconomic factors at the pastoralist level, or the ways in which pastoralists responded to the broader policy environment, could explain the choices made by pastoralists. In this paper we explore only the livestock-husbandry/rangelandresponse dynamics.
Specifically, our objectives were: (1) accounting for site and annual climatic variation, test whether differences among species herbage mass, and erosion indicators were explained by the pastoralist managing the pasture; (2) accounting for site and annual variation, test whether variation in herbage mass and erosion indicators was associated with variation in sheep density and/or spatially explicit measures of grazing pressure; and (3) accounting for site and annual variation, test whether changes in herbage mass and erosion indicators were predicted by annual changes in sheep density.
Materials and methods

Study area
Our study was carried out in Village Five ('wu dui') of Gouli Township, Dulan County, Qinghai Province, China,~35.58N, 98.78E. Village Five consisted of~175 residents in 37 households, almost all of whom were engaged primarily in semi-nomadic pastoralism. Distance to the nearest concentration of houses to our study area was~6 km; this village was adjacent to an historic but rejuvenated Tibetan Buddhist monastery Yeh and Gaerrang 2011) . The landscape, part of the eastern section of the Kunlun mountain chain, was characterised by rolling hills at elevations <4100 m, rising to moderately sloped peaks at~4900 m. Vegetation was sparse above~4700 m. Vegetation formations were alpine steppe, dominated by Stipa purpurea Grisebach, at elevations <4300 m, alpine meadow, dominated by Kobresia spp. at higher elevations, and shrublands, dominated by Salix spp. on northerly exposures. Annual precipitation at the study site during 2008-2013 averaged 398.0 mm (s.d. of mean, 53.4), with~92% falling from April to September. Mean annual temperature was approximately -1.48C, with the warmest 8-day periods annually averaging 14.08C and the coldest averaging -16.38C.
The study area had been subject to international hunting focussed on blue sheep (Pseudois nayar) until 2006 (Liu 1995; Harris 2008) , but this activity probably had little impact on pastoral practices or vegetation. As had been common on the QTP, during January 2007 government-sponsored workers conducted a poisoning campaign targeting plateau pikas. Subsequent work showed that within a few years, pikas had repopulated most areas.
The Tibetan fauna includes several wild ungulate species that could have foraged on vegetation (Schaller 1998; Harris 2008) but only Tibetan gazelles (Procapra picticaudata) and blue sheep were observed in the vicinity of vegetation plots (the latter only at the highest elevations). In addition to the common plateau pika, small mammals present in the general area included Himalayan marmots (Marmota himalayana), the fossorial plateau zokor (Eospalax fontanierii), the Mongolian five-toed jerboa (Allactaga sibirica), mountain voles (Neodon spp.), voles (Microtus spp. and Lasiopodomys spp.), and dwarf hamsters (Cricetulus spp.). Tibetan woolly hares (Lepus oiostolus) occurred at slightly lower elevations, and were rarely observed in the study pastures.
The entire study area was grazed by livestock and used primarily as winter pastures. Grazing generally occurred only after livestock returned from summer and, sometimes, autumn pastures, generally in mid-October, until leaving for springsummer pastures in mid-June the following year (Yeh and Gaerrang 2011) . Village Five consisted of relatively high elevation pastures within Gouli, and had been used as summer and transitional (spring-autumn) pastures before the prior collective system was dismantled. Pastoral families owned longterm leases on set pasture lands, but not all grazed their own livestock on their own pastures. Rather, many pastoralists in Gouli had begun sub-leasing their pastures to other grazers, and/ or paying rental fees to graze their livestock on lands contracted to others (Yeh and Gaerrang 2011) . Some winter pastures were demarcated with boundary fences and others were not; regardless, most boundaries were known to pastoralists and had traditions predating de-collectivisation. Summer pastures remained, as historically, in common use. However, some pastoralists had taken advantage of subsidised material to fence sub-sections of winter pasture in order to distribute grazing pressure, reserve forage for emergencies, or reduce the need for herding labour.
Weather data
We measured temperature and precipitation at hourly intervals at the research station (35834 0 45.93 0 N, 98836 0 34.71 0 E) using a solar-powered logger (CR800-ST-SW-NC; Campbell Scientific, Logan, UT, USA) connected to a temperature probe (107-L20) and a tipping-bucket precipitation gauge with snowfall adaptor (Texas Electronics, Dallas, TX, USA) beginning in September 2009. However, damage to the precipitation gauge rendered it inoperable after July 2010; thus, we modelled temperature and precipitation on the study area (see below) and used our limited site-specific weather data to confirm the accuracy of the modelled predictions.
To model site-specific temperature and precipitation, we interpolated meteorological data from 836 weather stations in China using ANUSPLIN software version 4.2 (Hutchinson 1995) . This algorithm was based on the thin plate smoothing splines of multivariates (Hutchinson 2001 , Hutchinson et al. 2009 . Observations from the weather stations were interpolated to a 1-km spatial resolution at an 8-day time step. Correlation of 8-day mean temperature of the modelled data with 71 8-day measurements taken at the field station from 14 September 2009 to 11 June 2011 was 0.939 ( Fig. 1) . After accounting for seasonal patterns by generating residuals from regressions using Julian date as a predictive variable, correlation between modelled and site-specific temperature measurements was 0.560 (P < 0.001).
Fluctuations in herbage mass resulting from pastoralists' strategies, our main variable of interest, were likely to be confounded with annual weather differences as well as differences in phenological stage arising from the different dates on which each plot was sampled. Thus, we incorporated both annual weather effects and a quadratic model of Julian date in all models (see Supplementary Materials as available at journal's website). Additionally, we hypothesised that herbage mass on each pasture would vary according to fixed site conditions characterising each pasture. The physical effects of elevation, slope, and aspect were beyond the control of pastoralists, yet likely to affect rangeland response. Thus, we also incorporated these variables in our analyses (see Supplementary Materials).
Vegetation data and erosion indicators
Grassland vegetation and soil conditions were assessed over four summers (2009) (2010) (2011) (2012) We used permanent plots to allow for direct year-to-year comparisons and to reduce small-scale heterogeneity. In identifying the exact area to establish each plot, we walked to each pre-determined Universal Transverse Mercator (UTM) coordinate on the sample grid (i.e. 250-m intervals) using a handheld GPS, establishing the plot centre exactly on the intended coordinates. In addition to elevation, we measured aspect (in degrees) and slope (in per cent) of each plot using a hand-held compass. To document aspect, we quantified each plot both by its absolute deviation from true north and from true east in degrees (i.e. an aspect of 108 was given a score of 10 on the north scale and 80 on the east scale; an aspect of 3008 was given a score of 60 on the north scale and 150 on the east scale). Plots were designed to be relocated and identified by field crews in two ways: (1) via their UTM coordinates; and (2), by locating tagged, wire loops connected to fixed, flexible anchors (Berkshire HD Stakes with Cables, Buckeye Trap Supply, Ashland, OR, USA) that crews had inserted into the soil~30 cm at each plots' diagonal corners when establishing the plots in 2009. Each anchor left a small, protruding (~3 cm diameter) loop of~5-mm diameter steel cable to which we affixed a numbered 
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The Rangeland Journalmetal tag (5 cm diameter, Forestry Suppliers, Jackson, MS, USA), but otherwise left the surrounding area unaffected. When sampling vegetation, field crews used light-weight PVC 0.5-m 2 frames; upon locating the cables, they fixed the frame corners to the two loops to re-create the precise plot location. Vegetation and site data were collected by crews of trilingual (Tibetan, Chinese and English) seasonal technicians. Prior to each field season, crews were trained in species identification and field protocols. Field crews assessed presence of plant species, height, cover, and herbage mass for each of the 10 main species in each plot, as well as canopy cover estimates of total vegetation, soil, rock, and litter (previous years' dry vegetation). Most plots were quantified once during the growing season, but some were measured twice or more, depending on access.
Because we used permanent plots, we could not quantify herbage mass by clipping vegetation. Thus, we estimated herbage mass individually by plant species in a stepwise process. First, in the field, crew members standardised their estimations of species-specific fresh weight by collecting reference samples of known fresh weight (usually 1 g) from an adjacent, off-site location, and moving them among locations within the plot where that species was growing, providing for close, visual comparison with unclipped vegetation. Second, to provide ongoing calibration of fresh weight estimation, a system of random check-plots was set up, in which crews learned whether plots were selected for calibration only after vegetation data had had been collected. If selected, a nearby 0.5-m 2 location with similar vegetation to the plot was identified, subjected to the full measurement protocol, and then clipped and sorted to species. Species-specific fresh weights of the check-plot were recorded, and compared with the actual (non-clipped) plot. Finally, to convert fresh to dry weights, clipped samples from check-plots were placed in paper bags, and either air-dried at the base-camp or within a light-weight solar oven (Sport Solar Oven, Solar Oven Society, Apple Valley, MN, USA), until weights stabilised (5-8 days). Dry-weight conversions were estimated by species and by month. Because we were unable to dry a sufficient number of samples for species categorised as unpreferred forbs, we analysed fresh herbage mass rather than dry herbage mass for forbs and total vegetation.
Throughout, we took, as our response variables, estimates of herbage mass (fresh or dry, see above) of the following 10 species (or groups, listed here in alphabetical order, not order of importance): (1) Astragalus/Oxytropis spp. (forms sometimes difficult to distinguish from one another, and likely to respond similarly to biotic and abiotic influences); (2) Cardamine spp.; (3) Carex spp.; (4) Heteropappus altaicus Novoprokr; (5) Kobresia spp.; (6) Leymus secalinus (Georgi) Tzelev; (7) Poa spp.; (8) Potentilla bifurca Linnaeus; (9) Stipa purpurea; and 10) Thermopsis lanceolata R. Brown. In addition, we examined aggregated life-forms as (1) grasses, (which included minor species); (2) sedges; and (3) unpreferred forbs (Liu 1986; Damiran 2005) . We also examined dry herbage mass of all grasses, and total herbage of all species. As proxies for magnitude of the presence of or potential for erosion, we examined (1) litter canopy cover; (2) proportion of bare soil (i.e. ground unvegetated and not covered by rocks, potentially vegetated but bare); and (3) an index of erosion that was recorded categorically and reflected the relative presence of rills, gulleys, and pedestalling (NRC 1994) . Erosion categories were re-coded on an ordinal scale, with 1 representing the least and 6 the most evidence of erosive forces. For consistency, we have used the terminology recommended by Allen et al. (2011) .
Stocking rate and density Because our intent was to examine the effects of grazing practices as actually implemented by Tibetan pastoralists, responding as they wished to the geophysical, biological, cultural, economic and policy environments in which they found themselves, we made no attempt to control grazing. We used direct counts to estimate the number of sheep and yaks on each pasture in each of the three winters included in the study (2010, 2011, and 2012 ; throughout, we refer to winter grazing by the year beginning in January; thus, for example, we use the term 'winter 2010' to refer to grazing that occurred during October 2009 through early June 2010). In addition, we drew from interviews and surveys carried out with the 11 pastoralists whose pastures were included in the study area. In 2009 and 2010, in-depth interviews were carried out with each pasture owner by a member of our field crew as part of a larger investigation of land tenure and land management (Yeh and Gaerrang 2011) . Interview data included numbers of livestock of each species owned currently, approximate time periods within each winter during which livestock grazed on that particular pasture, and trends in livestock ownership over past years. Pastoralists also described the extent to which they rented or contracted pastures or livestock, their dependence on herding for income, and perceived changes in climate and grassland condition. Estimated livestock numbers derived from these two approaches were then divided by the area of the pasture (estimated by walking the periphery of each pastures with a hand-held GPS), as well as percentage of the year livestock spent on the pasture, to estimate mean stocking rate for each pasture in each year.
During the three winters included in our study, we attached GPS units (DG-100 Data Logger, US GlobalSat Inc., Chino, CA, USA: Qstarz BT-Q1000XT, Taipei, Taiwan; or iBT-GPS Solar Bluetooth 747, GandV Global Tech Co., Taipei, Taiwan) by means of nylon harnesses to 1-2 individual sheep in each pastoralist's herd for periods of 2-3 days for three periods each winter. Data downloaded from the GPS units provided specific locations of herds at 2-6-min intervals. These data on location were used to demarcate levels of grazing density within each study pasture in each winter. All points falling within a pasture in a given winter, both from the owner's flock and from neighbouring flocks, were entered into a pasture-specific analysis. We used ArcGIS 9.0 (ESRI, Redlands, CA, USA) to enumerate the number of sheep locations within 250 m of each vegetation plot. To standardise metrics of relative use across pastures that differed in their intensity of sampling, we recast stocking density in terms of pasture-specific proportional use. In addition, GPS collars (Log V2 livestock collars, Kedziora Innovation Group, Mannsville, NY, USA), were attached to 14 yaks belonging to four different pastoralists from autumn 2011 to spring 2012, for periods of 1 week to 1 month. These collars provided an indication of the ways in which winter pastures were grazed by yaks but we do not report or use these data further because we discovered that yaks primarily used pastures outside the study area (i.e. in summer pasture even during winter), returning only occasionally to the study area.
Statistical analyses
Prior to statistical analyses, we removed outlier data that we suspected as representing data-recording errors. We defined outliers as entries >4 s.d. from the mean. This generally resulted in removing~1% of data entries.
To address objective 1, we asked if time-invariant measures of species-specific herbage mass and erosion indicators (across all 4 years) varied by the pastoralist with user rights to pasture land during the time period. We used ANOVA to test for differences and Tukey's HSD to differentiate levels of difference by pastoralists. To address objective 2, we asked if time-invariant measures of species-specific herbage mass and erosion indicators (across all 4 years) were associated with the mean stocking rate of sheep (measured at the scale of the entire pasture), site-specific relative stocking density (as estimated using the GPS-marked sheep), or by the product of these two measures on the pasture during the sampling period.
We developed mixed linear models examining each hypothesis. Such analyses incurred a risk of incorrect interpretation because they lacked a before-versus-after time element, causation could logically have run in either direction. We addressed this difficulty by means of objective 3, taking advantage of our repeated-measures on the same plots to examine temporal trends, and to relate those to (1) time; (2) differences in the stocking rate by sheep at the pasture scale; and (3) sheep density within a pasture (i.e. at the plot scale) in the winter before that year's growth (as well as interactions among these variables). Here, we used time to separate causality, reasoning that events occurring later in time could be effects or could be unrelated, but could not be causes of events that occurred earlier. In these dynamic analyses, we examined differences in measurements taken in 2010, 2011, and 2012 from those taken in 2009 (the baseline year; all 2009 values were fixed to zero). Standardising all measurements by their values in 2009 placed data from all plots on a common basis, effectively removing any site effects. We thus omitted elevation, slope and aspect as independent variables in these dynamic models. By not including site variables in regressions, we implicitly assumed that subsequent changes (i.e. slope coefficients) with time, sheep stocking rate and density were not themselves functions of site variables. However, all models included the effects of temperature (Model 2, Supplementary Materials table S1 as available at journal's website) because we considered these primary; only trends with time or sheep stocking rate or density that were significant, while accounting for possible effects of annual variation in temperature, were considered valid. We also included Julian date and (Julian date) 2 in all models, to account for differences in phenological stage arising from the different dates on which each plot was sampled. In all cases, plot was retained in regression models as a random factor.
Because the data used to address objective 3 were differences from 2009 values, we encountered situations in which all values were zero because the species was not documented in the plot during the study. Thus, before conducting analyses we removed from consideration all plots in which a species was absent during all sampling occasions. All statistical analyses were conducted using the software package JMP 11.1.1 (SAS Institute, Cary, NC, USA).
Results
Characteristics of vegetation plots
Vegetation and erosion indicators from 317 plots were measured at least once yearly; pastures contained between 8 and 55 plots. Analysis was performed on a total of 1771 measurements ( Table 1) . Plots varied in elevation from 3863 to 4511 m (mean (s.d. of mean) = 4142 (140) m) and were located on slopes ranging from 0 to 708 (mean (s.d. of mean) = 17.7 (13.0)8). The aspects of the plots ranged from 0 to 3598; plots on aspects within 608 of true south were most common (31%), followed by those most nearly oriented towards the west (28%), north (23%) and east (18%). Plots contained between 0 and 18 genera of grasses, forbs, and shrubs (mean (s.d. of mean), 6.5 (2.7) per plot). Total vegetation cover in plots ranged from 0% to 98.5% (mean (s.d. of mean) 33.9 (20.3)%).
We obtained sufficient dry samples of the herbage mass of S. purpurea from off-site plots to quantify the relationship between fresh-and dry weights (F = 9.7, d.f. = 3, 64, P < 0.001; r 2 = 0.31). We thus replaced each measurement of fresh weight of herbage of S. purpurea by their dry weight. In 2009, 2010, 2011 and 2012 the ratios of dry weight to fresh weight were 0.61, 0.49, 0.67 and 0.54. Because~65% of grass herbage was S. purpurea, we applied these annual conversions to analyses of aggregated grass species.
Effects of individual pastoralists on cover and herbage mass of species, and erosion indicators
After accounting for the effects of site heterogeneity (tables S2-S4), we observed significant differences among individual pastoralists that evidently reflected in aggregate their current and past management practices (Table 2) . Leymus secalinus 
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The Rangeland Journalhad higher cover in pastures controlled by pastoralists B, D2, G, and N than in pastures controlled by pastoralist K. Poa spp. had higher cover in pastures controlled by pastoralist B than in those of pastoralists H and L2. The dominant and preferred perennial S. purpurea had higher cover in pastures controlled by pastoralist N than all others, and a lower cover in the pasture of pastoralist K than all others. The disturbance-associated legume, T. lanceolata, had higher cover in the pasture of pastoralist S than others, and a lower cover in pastures controlled by pastoralist H than others. Due in part to the small samples sizes owing to their rarity, cover of Astragalus/Oxytropis, Cardamine, Carex spp., H. altaicus, and P. bifurca, accounting for topography, did not differ (Tukey's HSD text; P < 0.05) among pastoralists (Table 2) . Total herbage mass consisting of (generally preferred) grass species was greater in the pastures of pastoralist N than in most others, and less in the pasture of pastoralist K than most others. Total herbage mass consisting of unpreferred species was greatest among pastures controlled by pastoralists D1, K, L1 and S than it was among those controlled by pastoralist G. The ratio of unpreferred : preferred herbage mass of species was greater in pastures controlled by pastoralist K than those controlled by pastoralists B, G, H, N, and Y. Litter constituted a higher proportion of pastures controlled by pastoralists B and G than pastoralists D1, K, L2, and S, a lower proportion of pastures controlled by pastoralist L2 than B, D2, G, H, N, and Y (Table 2) . Neither the cover of bare soil nor erosion index was significantly affected by pastoralists.
Notable pastures that appeared, on the basis of these rankings, to be in relatively 'healthy' condition were those operated by pastoralist B, whose pastures ranked lowest in erosion indicators of over-use such as cover of bare soil and erosion index, first in proportion of litter cover and of the preferred Poa spp., L. secalinus and Carex spp., and ranked low in the cover of unpreferred forbs, Cardamine spp. and H. altaicus; and pastoralist N, whose pastures portrayed intermediate indicators of over-use, but ranked first in the cover of the preferred grass S. purpurea, second in the cover of total grasses, and second-to-last in the cover of unpreferred forbs, including Oxytropis spp. and H. altaicus. In contrast were pastures showing evidence of stress, including those operated by pastoralist K (ranked second in cover of bare soil and erosion index, second-to-last in cover of litter, first in the ratio of unpreferred : total vegetation, and last in relative cover of both S. purpurea and L. secalinus); pastoralist S (characterised by high proportions of unpreferred species, and first in the cover of the unpreferred legume T. lanceolata), and pastoralist G (ranked first in cover of bare soil and erosion, and last in the cover of preferred graminoids, Poa and Carex spp.). Other pastoralists' areas were intermediate in these indices of stress ( Table 2) .
Associations of mean stocking rate and density of sheep with herbage mass of species and erosion indicators
Stocking rate at the pasture scale varied from 0 to 5.89 sheep ha -1 annually (Table 3) . We found no associations of mean stocking rate in 2009-2011 at the pasture scale with indicators of erosion at the scale of individual vegetation plots. We found positive associations of mean stocking rate (during 2009-2011) at the pasture scale with herbage mass of litter (b = 0.176, s.e. = 0.043, t = 4.05, P < 0.001) and total herbage mass of grasses (b = 0.237, s.e. = 0.103, t = 2.31, P < 0.05) at the plot scale (Table 4a ). We found negative associations of mean stocking rate at the pasture scale with total fresh herbage mass (b = -0.316, s.e. = 0.130, t = -2.42, P < 0.05), fresh herbage mass of unpreferred species (b = -0.532, s.e. = 0.147, t = -3.63, P < 0.001), and the proportion of the total herbage mass consisting of unpreferred species (b = -0.063, s.e. = 0.017, t = -3.80, P < 0.001; Table 4b ).
There were no consistent trends of any response variable with the proportional pasture use. When combining the metrics of mean stocking rate and proportional pasture use, we found negative associations of stocking density with the per cent cover of bare soil (b = -1.713, s.e. = 0.875, t = -1.96, P = 0.05), herbage mass of unpreferred species (b = -3.662, s.e. = 1.397, t = -2.62, P = 0.01), and the ratio of the herbage mass of unpreferred species to total herbage mass (b = -0.392, s.se. = 0.158, t = -2.47, P < 0.05; Table 5 ).
Effects of temporal variation in stocking rate of sheep on erosion indicators and herbage mass of species
Cover of bare soil increased with time (b = 5.760, s.e. = 0.743, t = 7.759, P < 0.0001; table S5), as well as with pasture-scale stocking rate (b = 1.289, s.e. = 0.445, t = 2.89, P < 0.01; table S6, Fig. 3a ). The year Â sheep density interaction was also significant and positive, with the trend on time being greater in those pastures with higher sheep density (interaction b = 1.645, s.e. = 0.321, t = 5.12, P < 0.0001 table S7). The erosion index did not differ with time but was positively related to the stocking rate of sheep on the pasture during the preceding winter (b = 0.040, s.e. = 0.019, t = 2.08, P < 0.05; Fig. 3b, table S8 ), although not at the plot scale with grazing pressure. When viewed together, the increase in erosion with stocking rate at the pasture scale increased with time (interaction of stocking rate Â year b = 0.037, s.e. = 0.015, t = 2.55; P = 0.01; table S9).
Cover of live vegetation declined with time (b = -7.544, s.e. = 0.622, t = -12.14, P < 0.0001; table S10), and was not related to stocking rate in the previous winter. However, when time and stocking rate in the previous winter were combined in a single model, all were highly significantly negative (table S11), suggesting that vegetation cover declined more in areas with greater than lower stocking rate (Fig. 3c) .
We documented no relationships among stocking rate at the pasture scale or stocking density at the plot scale with total fresh herbage mass. However, herbage mass of grasses declined with time (b = -0.956, s.e. = 0.335, t = -2.86, P < 0.01; table S12). The decline of herbage mass of grasses with time was greater in pastures with higher than lower stocking rate (Fig. 3d, table S13) .
No relationships among time, stocking rate at the pasture scale, or at the plot scale were observed with herbage mass of Carex spp. However, among unpreferred forbs, we found that herbage mass was positively associated with density of sheep grazing in the previous winter (b = 1.496, s.e. = 0.741, t = 2.02, P < 0.05), more so towards the end than the beginning of the study period ( Fig. 3e; table S14 ).
Herbage mass of S. purpurea declined with time during the study (year b = -1.412, s.e. = 0.312, t = -4.52, P < 0.001; table S15). This decline was not associated with stocking rate at the pasture scale or with stocking density at the plot scale. The decline with time, however, was greater following pasture use by higher than lower stocking rates of sheep (year b = -1.656, s.e. = 0.350, t = -4.72, P < 0.001; sheep density b = -0.567, s.e. = 0.213, t = -2.65, P < 0.01, interaction -0.441, s.e = 0.140, t = -3.14, P < 0.01; Fig. 3f; table S16 ). The herbage mass of L. secalinus was negatively associated with stocking rate in the previous winter, the relationship strengthening throughout the study period (density b = -0.326, s.e. = 0.107, t = -3.05, P < 0.01; year b = 0.453 s.e. = 0.223, t = 2.04, P < 0.05; interaction b = -0.208, s.e. = 0.084, t = -2.49 P < 0.05; Fig. 3g ; table S17). When the interaction of changes over time with changes following winter grazing by sheep were modelled together, we observed an increasingly positive response by Poa spp. with stocking rate (density b = 0.402, s.e. = 0.155, t = 2.6, P < 0.01; interaction b = 0.344, s.e. = 0.111, t = 3.10, P < 0.01; Fig. 3h ; table S18). No relationships with time, stocking rate at the pasture scale, or stocking density at the plot scale were observed for other species considered individually.
Discussion
Site effects on vegetation
Our focus was on responses to the management practices of livestock by individual pastoralists but, because their pastures varied in their inherent biological and site characteristics, it was important to first quantify characteristics of rangelands by site, independently of any influences introduced by heterogeneity in management. Before one can understand any effects that livestock management may have had on the herbage mass of a plant species, one needs to understand whether that species would be expected to be common or not in that pasture regardless of management. For example, a high herbage mass of noxious legumes of the Astragalus/Oxytropis spp. would generally be considered indicators of over-use. That pastures managed by pastoralists L2 and N had similarly low herbage masses of these legumes (Table 2 ) might, therefore, suggest a similarity of management influences. These legumes were associated with steep slopes (table S2); the pastures of pastoralist L2 were the steepest (table S3) whereas those of pastoralist N were relatively flat. Thus, we would not expect to encounter many of these legumes in the pastures of pastoralist N, whereas the paucity found in the pastures of pastoralist L2 is surprising and potentially more informative. Similarly to our analysis of annual variation in weather, accounting for site effects allowed us to isolate effects attributable to pastoralists' management from those beyond their immediate control. Yeh and Gaerrang (2011) showed that, despite joint membership in a small, seemingly cohesive village, pastoralists differed in their approach to livestock management, but these authors' analyses did not extend to possible consequences of this heterogeneity as expressed by vegetation. Our analyses provided insight into the magnitude of the effects that individual variation in management had on the rangelands over and above annual differences due to temperature and inherent biological differences arising from heterogeneity in the site of the pasture. Table 4 . Linear models relating various response variables at the plot scale to the mean density of sheep on the scale of the individual pasture during winters 2009-2011 For each model, coefficients (b), standard errors (s.e.), Student's t, and P-value are shown for fixed-effect explanatory variables; plot was also included in each model as a random effect. a. Models with mean sheep density positively associated with litter and total grass biomass. b. Models with mean sheep density negatively associated with total fresh biomass, total biomass of unpalatable species, and the proportion of total biomass consisting of unpalatable species. Response variables were square-root transformed a.
Influence of individual pastoralists
Litter n = 1581, Adj. We observed patterns suggesting that some pastures were less liable to change than others, even taking site differences into account. For example, pastures such as those allocated to pastoralists B and N, were characterised both by a higher cover of preferred species (e.g. S. purpurea, L. secalinus and Poa spp.) as well as less bare soil and erosion. In contrast, cover of T. lanceolata, P. bifurca and Cardamine spp. on pastures such as those of pastoralists K and H was generally associated with greater bare soil and erosion. Analysis of factors that might have caused pastoralists, who shared cultural practices and were exposed to a similar policy environment, to differ in their management approaches is beyond the scope of this paper.
Spatial associations among mean grazing levels and rangeland response
Our analyses relating stocking rate and density to changes in vegetation and erosion indicators (Tables 4, 5) could be interpreted as suggesting that stocking level was negatively associated with cover of bare soil and unpreferred species, while being positively associated with litter and herbage mass of grass species. Might grazing have had such unexpected and beneficial effects? Analyses conducted by Harris et al. (2015) , using livestock exclosures, suggested that most QTP steppe vegetation appears to be well adapted to grazing in winter, at least at low stocking rates. In most plant species, increased intraor inter-specific competition for resources in the absence of herbivory evidently counteracted whatever benefits plants enjoyed from a respite from herbivory. Thus, the possibility that grazing actually increased herbage production (Hilbert et al. 1981; McNaughton 1983) in this system should not be dismissed. Harris et al. (2015) , however, also found that grazing increased erosion over conditions prevailing within livestock exclosures.
A simpler interpretation however is that pastoralists, returning to winter pasture in October, adjusted their stocking levels to their (generally correct) perceptions of the herbage mass of the preferred vegetation. Despite pastoralists occasionally stating during interviews that they lacked ability to distinguish one species from another (sometimes referring to all vegetation simply as 'grass'), our analyses suggest that pastoralists rationally adjusted herd size in winter to reflect the herbage mass of preferred grasses, and actually reduced grazing pressure on specific pastures if herbage consisted disproportionately of unpreferred species. Within pastures, the proportion of time spent near each plot by GPS-monitored sheep was lower where Rangeland responses on Tibetan steppe The Rangeland Journalunpreferred species were higher in herbage mass than elsewhere. Thus, both stocking rate, comparing among pastures, and stocking density, viewed within each pasture, responded adaptively, increasing with vegetation selectively eaten by sheep (Harris et al. 2015 ; see also Cincotta et al. 1991) .
Rangeland response to annual variation in stocking rate
Importantly however, our dynamic analyses indicate that grazing exerted a negative effect on preferred vegetation and soils, displaying patterns generally consistent with the hypothesis that, at least at sufficiently intense levels, herbivory of senescent vegetation and winter-time compaction reduced subsequent herbage masses of many preferred species. The models, summarised in Fig. 3 , used as explanatory variables pasturespecific measurements of stocking rate during the winter preceding the observed rangeland response. Thus, unlike the static analyses summarised in Tables 4 and 5 , the two types of variables were not contemporaneous, but rather followed one another in sequence. Because our data were observational rather than experimental, it is possible that relationship shown in Fig. 3 were not causal, but rather that causes resided in some other, unmeasured variable. However, it could not have been the case that the response variables depicted in Fig. 3 (e.g. herbage mass of S. purpurea) produced the stocking rates documented, because the stocking events occurred and ended before the response variables (e.g. vegetation growth) were quantified. Accounting for fluctuations in annual temperature and site variability, rangeland condition, as measured, appeared to worsen during the 4 years of our study, independently of annual stocking rate of sheep. The cover of bare soil increased, and vegetation cover decreased during 2009-2012. Although total fresh herbage mass did not change, herbage mass of S. purpurea, as well as total grasses, declined. We found no evidence of temporal changes in the herbage mass of L. secalinus, and Poa and Carex spp. However, the herbage mass of unpreferred species, as well as the proportion of unpreferred species of the total herbage mass, increased with time during 2009-2012. Two reasonable hypotheses to consider to explain these dynamics are long-term climate changes, associated with changes in soil moisture content or temperature, or alternatively, a lagged response to herbivory levels before our study.
Quantifying the size of the negative effects of winter-time stocking rates of sheep on the subsequent herbage mass of the preferred grasses is not straightforward. Most effects we found were complicated by the general, downward trend in herbage mass observed among most species through time. Our dynamic models, showing trends in herbage mass resulting from changes in the stocking rates of sheep, considered all plots but the starting cover of each species varied by pasture and pastoralist. The size of effects associated with the highest stocking rates documented in this study, were substantial. For S. purpurea, we estimated the mean herbage mass in 2009 over all plots as~180 kg DM ha -1 . Our models suggested that by 2012, at a stocking rate of 2 sheep ha -1 would have reduced herbage mass by~100 kg DM ha -1 , or more than half. Studies in experimental situations have suggested that liveweight gains by sheep were negatively correlated with stocking rates (Zhou et al. 1995) , and among yaks were positively correlated with ratios of preferred to unpreferred plants (Dong et al. 2003) . Additional studies of the relationships among stocking rates, herbage mass of preferred species, and liveweights of sheep in working pastures would be useful.
Conclusions
Our analysis shows that pastoralists stock their pastures with sheep on the basis of the herbage mass of preferred grasses, not on the basis of total herbage mass. We found that the stocking rate of sheep at the pasture scale was negatively associated with total herbage mass and of the herbage mass of unpreferred forbs, but was positively related to the herbage mass of grasses. Stocking rate at the pasture scale did not appear to be related to indicators of erosion (cover of bare soil, total vegetation cover, and erosion index) but, within pastures, sheep tended to avoid areas with a relatively large cover of bare soil and relatively large proportions of unpreferred vegetation.
We detected annual responses in most indicators of erosion, as well as in the herbage mass of most (albeit not all) preferred species to sheep grazing pressure during the preceding dormant season. Accounting for annual weather fluctuations and site variability, both cover of bare soil and erosion varied positively with stocking rate of sheep. Although total herbage mass was not related to stocking rate of sheep, total vegetation cover, herbage mass of S. purpurea and of all grass species varied inversely with stocking rate of sheep in the preceding winter, whereas herbage mass of unpreferred forbs varied directly with stocking rate. Within pastures, the increase in cover of bare soil was more pronounced where stocking rate was higher, and per cent live vegetation cover and herbage mass of S. purpurea declined more strongly where stocking rate was higher than lower.
Our data diverge from the opinions of most of the pastoralists who, although recognising their pastures had finite capacities, tended to view possible negative effects of heavy stocking only in terms of potential livestock mortality, and not in rangeland productivity itself, although they did note a downward trend in the liveweight of sheep without attributing it to grazing. In our study area, pastoralists had the ability to encourage the summer-time herbage mass of preferred species, and discourage expansion of unpreferred species, through their stocking levels in winter.
